Introduction
Four-point bending test is a standard widely used method for determining materials mechanical properties, such as flexural strength and flexural modulus.
1) The standard specimens and process employed in four-point bending tests are simple to operate, leading it to a convenient way for both plastic and brittle materials. It is well known that the fourpoint bending fixture consists of two inner supports and two outer supports, symmetrically arranged relative to specimen. The four-point bending most remarkable difference from three-point bend is that the load is applied by two inner supports. Compared with three-point bending tests, the moment along the specimen between the inner supports is uniformly distributed. Although four-point bending tests are widely used and some relevant standards have been established, our understanding on the deformation mechanism of materials in four-point bending test is still far from complete. 2, 3) For example, the span ratio between inner supports and outer supports is often treated as an empirical parameter. Up to now, it is hardly to accurately decide the span ratio when designing four-point test experiments or instruments. As a result, the span of inner supports is usually set to be 1/2 or 1/3 of the outer supports span just because it is easy to operate, but different span ratios between the inner supports and outer supports can easily lead to some systematic errors in determining flexural strength. 4, 5) For this reason, a lot of studies based on experimental and various theoretical models have been carried out to make deep understanding of the geometry effects in four-point bending tests. All those previous studies have provided much help in understanding such material performance characterization method.
68) Theobald et al. conducted an experimental research to analyze the influence of geometric configuration on four-point bending tests about flexural strength and modulus. They found that flexural strength is dependent on span ratios and decreases as the inner span increases. 6) Hiroshi Yoshihara and Hiroki Kondo suggested that the shear modulus may change according to different depth/span ratio in asymmetric four-point bending tests. 7) As the four-point bending test is a continuous and simple method to measure the physical performance of materials, it is often carried out as a kind of fatigue test method for measuring fatigue properties of metallic and ceramic materials.
813) Grabowski and Yates conducted four-point bending fatigue tests on waspaloy (a Ni-based superalloy) to investigate the geometry effect on the specimen fatigue behavior.
9) The span ratio between inner supports and outer supports is discovered to have a significant impact on material's fatigue life. It is necessary to make sense of the geometry effect on four-point bending test and to optimize the test method.
As the mentioned above, four-point bending test gives a uniform maximum tensile stress between two inner supports beneath the specimen surface, which is also known as the pure-bending section length. The nominal maximum stress · on the surface of specimen can be obtained by the beam mechanical theory. 14)
where F is the resultant bending force of inner supports; t is distance between inner supports; l is the distance between outer supports; h and b is the thickness and width of the specimen, respectively. Based on some previous studies, the tensile stress between two inner supports is not completely consistent. 4, 15, 16) Discovering the rules of stress distribution will be helpful to account for the materials mechanical behaviors under the bending moment. T. Zhai et al. conducted a systematic study of stress distributions for the specimen with different span ratios of inner supports and outer supports and different ratios of support span and specimen thickness in four-point bend through finite element simulation. They found that the value of t/h between 1.2³1.5 and l/t between 4³5 leads to relatively uniform stress distribution. 4) However, compared with the outer span, the specimen thickness selected in their study is too large. The results are not practical in determine most of the mechanical properties of thin sheets. The fourpoint bending test standards (ASTM D790-791 and ASTM D6272-02) recommend the outer span/specimen thickness ²16. 17) For most thin sheet four-point bending tests, the outer span is always above 50 times of specimen thickness. Thus, there is an actual demand to make clear the geometry effect on thin sheet four-point bending tests.
Finite element analysis (FEA) is a powerful tool in mechanical researches and could monitor many phenomena which cannot be easily obtained by experiments. 18) In this paper, the research of different span ratios of inner supports and outer supports for 6061 aluminium alloy thin sheet in four-point bending test is carried out via FEA. In addition, the effects of support radius and contact roughness on fourpoint bending test are also studied. This investigation is aimed to find out the optimum geometry parameter of different situations for thin sheet four-point bending test and make a beneficial reference for the future experimental researches and instrument designs.
Experiments

Material mechanical properties
The mechanical properties of 6061 aluminium alloy were obtained by standard tensile tests (DNS type universal testing machine produced from CRIMS). The specimen with thickness of 2.0 mm is shown in Fig. 1 . The specimens were made by wire electrical discharge machining from a flat cold-rolled sheet. In order to avoid random error in one single experiment, five uniaxial tensile experiments were conducted with the same experimental conditions. The mechanical properties are shown in Table 1 .
In the uniaxial tensile tests, the deformation of material was measured by high precision extensometer to make sure that the strain was measured as accurate as possible, shown as Fig. 2(a) . What calls for attention is that the tested stress and strain should be converted to true stress and strain. The relationship between true stress-strain and nominal stressstrain is as follows,
where · true and ¾ true represents the true stress and true strain respectively; · nom and ¾ nom represents the nominal stress and nominal strain respectively. The curve of true stress against true strain is shown in Fig. 2 (b).
Four-point bending experiments
In general, the commercial four-point bending instruments are either too large or easily bring about errors due to insufficient stiffness. A small sized scientific device was developed to conduct relative four-point bending experiments. The self-developed device is integrated with high precision sensors, flexible structures, feedback control and compensation algorithm, which enable to avoid the disadvantages of current commercial instruments. The schematic diagram of the experiment setup is shown as Fig. 3(a) . One of the main concerns was the stiffness of the four-point testing device. To minimize the error due to the stiffness of the supports during four-point bending tests, the supports were made of tool steel, which was much higher stiffness than the specimen. The inner supports and outer supports were fastened to the fixture and device base. Compared with standard measurement results, the stiffness of the device was measured to be 3,540 N/mm and this parameter was taken into consideration in the tests to modify the experimental results.
In order to make sure the finite element analysis accurate and reasonable, a serious of four-point bending experiments (a) (b) 
FE Simulation
FE models and validation
The finite element analysis was adopted using the software ABAQUS to investigate geometry effects in four-point bending test. 19) Because of the symmetry of specimens and supports, only half part of the whole model was established. The symmetric boundary conditions were applied on the midplane of specimen. The specimen was modeled as a threedimension deformable body and the material parameters used are obtained from the standard tensile tests. 19) The size of specimen was as same as the specimen size in the experiments. The supports were idealized as rigid bodies because the hardness and strength of supports were much larger than the bending materials. The radius of supports was 2.5 mm just as the situation of experiments. Static analysis was implemented in the FE model and C3D8R elements were used for the specimen. The region between inner supports was of interest. Different mesh sizes were used in two regions to simplify the analysis, shown as Fig. 4 . Along the specimen length direction, the size of each element was set to be 0.15 mm in the pure-bending region and 0.40 mm in the other region. The size was 0.10 mm and 0.25 mm along the specimen thickness direction and width direction, respectively. Coulomb friction was defined between the contact surfaces of specimen and supports, and the friction coefficient was set to be 0.02 in view of good surface treatments. The boundary conditions of inner support are allowed with single direction along y-axial while the outer support is fully fixed. The freedom of specimen is not limited as the actual experimental conditions.
In the first case, the inner span was selected to be 20.0 mm and outer span was set to be 75.0 mm in the FE model. Figure 5 illustrates the stress distribution along specimen length direction. It can be seen that the material maximum stress have exceeded the yield stress and both specimens have experienced plastic strain. In addition, the region above neutral layer is subjected to pressure stress and the region below neutral layer is subjected to tensile stress. The maximum stresses are mainly concentrated on the top and bottom surface of the specimen near the inner supports. The local stress is concentrated in the region between the inner supports when material is squeezed by support. The stress concentration in pressure is higher than the maximum stress in tension. Local failures beneath the inner supports are always observed in bending experiments. 20) However, experimental results show that the deficiency of tensile strength is the main reason for fatigue and failure for aluminum alloy in four-point bending tests. 4) Further explanation of stress on the tension surface was described in the following statement.
The load-displacement curves from simulation results were compared with those obtained in the four-point bending experiments, shown as Fig. 6 . Since the specimen stiffness in the thickness was small, vibrations could be seen in the loaddisplacement curve during loading process for the case of 1.0 mm specimen thickness. The comparison of maximum loads from simulation and experiments is listed in Table 2 . The error is 6.0% and 1.7% for specimen thickness of 1.0 mm and 2.0 mm, respectively. The simulation load-displacement curves basically consisted with experimental results, which verified the parameters setting in the FE model was feasible and reasonable.
Simulation results
The finite element models with different span ratios between inner supports and outer supports were calculated. The outer span l was fixed on 75.0 mm, while the inner span t varied from 10.0 mm to 40.0 mm. For each specimen with the same thickness, six inner spans were set as 10.0 mm, 16.0 mm, 20.0 mm, 26.0 mm, 30.0 mm, and 40.0 mm. The load-displacement curves of different span ratios are plotted in Fig. 7 . With the inner span longer, the moment arm of four-point bend is larger. The load of long inner span increases faster than those with short inner spans.
The flexure modulus E could be calculated from linear fitting of load-displacement curve when the material was in elastic stage. Flexure modulus E with respect to inner span t and outer span l is,
where d is the displacement of inner support. Experiment results of Theobald et al. showed that the flexure modulus was independent of span ratios.
6) The flexure modulus listed in Table 3 from simulation results also show that no obvious difference appears in flexure modulus with different span ratios and the maximum error with standard value is below 2.5%. It means that the flexure modulus obtained from four-point bending test with different span ratios is credible and accurate when the bending deflection of specimen is not large enough to change contact position in the supports. 
Analysis of different span ratios
When materials are in the elastic stage, the stress in tension tends to increase towards the ends of pure-bending region for thin sheet. Figure 8 shows the stress distribution of the tension surface corresponding to different span ratios t/l when middle point stress is around 60.0 MPa. The simulation results are similar with previous studies. Zhai et al. found that there is a wedging stress near inner supports for fourpoint bending test with large ratio of t/h. Thus, it is understandable that cracks were generally formed at the end of inner span when applied with high-circle fatigue tests. 10, 11) With the same outer span, the wedging stress is larger when the inner span of four-point bend gets longer.
Interestingly, the tress distribution on tension surface changes when the load increases. Figure 9 shows the stress distribution corresponding to various span ratios t/l when middle point stress is around 165.0 MPa. Plastic deformation of the material has occurred. For the case of 1.0 mm specimen thickness, the maximum stress is still at the end of purebending region for short inner spans, such as the situation of t/l = 10/75, 16/75. The maximum stress occurs at middle of pure-bending region when the inner span is long enough, such as the situation of t/l = 30/75, 40/75, although there is a minor stress lift in the region near inner support. The view of stress distribution with different values of t/l is shown in Fig. 10 . Figure 11 illustrates the maximum deviation of stress from middle point along pure-bending region with different span ratios between inner support and outer support from 10/75 to 40/75. The minimum stress deviation appears at the span ratio of 26/75, while the maximum stress deviation appears at the span ratio of 40/75. It can be seen that the non-uniformity in pure-bending region remains the highest for t/l value of 40/75, no matter at elastic stage or plastic stage. It makes sense that the inner span is always less than 1/2 of outer span recommended by four-point bending standards.
However, the rule of stress distribution of the 2.0 mm specimen thickness is different from that of the 1.0 mm specimen thickness when the stress reaches yield stage. Figure 12 shows the stress distribution corresponding to different span ratios t/l when middle point stress is around 164.0 MPa. The wedging stress remains a dominant factor in determining how stresses are distributed and the maximum stress occurs at the end sides of pure-bending region, just as the situation at elastic stage. The difference is that nonuniformity is getting obvious and the point at which stress starts to rise towards inner supports gets closer to the middle point of the specimen. For a shorter distance between the inner supports, the stress rise-point becomes closer to middle of specimen. Although the wedging stress with span ratio of 10/75 is smaller than other wedging stresses, it is still not convinced that the uniformity with span ratio of 10/75 is the best considering the position of stress rise-point. Considering all the situations and explanations above, the best uniformity of stress distribution belongs to the span ratio of 26/75. Thus, it suggests that the fatigue life may be longer when the outer span is around three times of inner span while the material is applied with low-circle fatigue tests in which material often experienced plastic deformation. It is noted that the stress distribution changes as the load increases. The view of stress distribution on the tension surface with different maximum strains for specimen thickness of 1.0 mm and span ratio of 40/75 is shown in Fig. 13 . It is suggested that the strain is one of the main factors that influence stress distribution. The experimental research from Hassan and Liu also demonstrated that difference of strain range would influence material's bending fatigue life.
21) The stress in middle region tends to become larger compared with other regions between two inner supports when the strain of specimen is large enough. The strain effect becomes more significant for thinner specimen and longer inner span with the same outer span in 6061 aluminum alloy. 
Analysis of different support radiuses
The effect of support radius on four-point bending tests is analyzed by changing the radius of inner support from 1.0 mm to 5.0 mm. The inner span and outer span were fixed on 20.0 mm and 75.0 mm. The load-displacement curves of different support radiuses are shown in Fig. 14(a) . There is no difference at initial phase. However, the load increase speed becomes faster with larger support radius when the displacement exceeds 1.5 mm. Figure 14(b) shows the stress distribution of different support radiuses on the tension surface. The wedging stress gets closer to inner support with the larger support radius and the maximum tension stress may get over the initial pure-bending region.
The support contact position varies along with the bending rotation of specimen. The true inner span increases as the specimen rolls over the support. On the pressure surface, a stress concentration region is located on the contact position, as shown in Fig. 15 . It should be noted that the mesh sizes of specimens are same in Fig. 15 , and the only difference is the radius of support. If the contact radius does not change significantly, the stress concentrations have only minor variations from photo-elastic studies. 22) Simulation results were consistent with the literature. But the stress concentration region moves to end side of the specimen which can represent the change trend of contact position. When the support radius gets larger, move speed of stress concentration region gets faster. Thus, large support radius should be avoided to select for thin sheet four-point bending tests to minimize the move trend of contact position. 
Analysis of different contact roughness
The specimen is loaded directly by the supports during four-point bending tests. The contact roughness between specimen and supports must have some influence on the fourpoint bending results. The surface qualities between the supports and specimens largely effect the interaction relationship. 23 ) Different contact roughness is modeled by setting different friction coefficients in FE simulations. The supports in the experiments are made of tool steel and the test material is 6061 aluminum alloy. The friction coefficients on the contact surfaces are set at 0.02, 0.10 and 0.20 in three different situations.
The lateral force in four-point bending tests increases along with the deformation of specimen. Different contact roughness directly influences the level of lateral force, shown as Fig. 16(a) . The lateral force with rough face could be times of which with smooth surface. Although the lateral force of four-point bending test is not included in the resultant force of two inner supports, the stress distributions with different lateral forces are remarkably different. The stress distributions on tension surface with different friction coefficients are shown in Fig. 16(b) . As mentioned above, the stress tends to decrease from middle to end sides of specimen. This stress attenuation trend slows down for large friction coefficient which means that the whole stress level in pure-bending region is higher for poor contact roughness.
Conclusions
In this paper, a series of FE simulations were conducted to investigate the influences of span ratio, support radius and contact roughness on four-point bending tests. The geometry effects in thin sheet four-point bending test were discussed through the view of stress distribution. The main results are concluded as follows:
(1) The stresses were not completely uniform in the region of pure-bending in four-point bending tests. The wedging stress existed in thin sheet four-point bending tests and remained the maximum stress during elastic stage. The wedging stress got larger when the inner span got longer, while the stress distribution would change when the load increased. The best span ratio for uniformity of stress distribution between inner supports and outer supports belonged to 26/75 at plastic stage. It suggested that the 1/3 may be the optimum value of span ratio for thin sheet applied with low-circle fourpoint bending fatigue tests. (2) The strain may be one of the main factors that influence the stress distribution in four-point bending tests. The middle stress tended to become the maximum stress along pure-bending region while large deformation had occurred. For thinner specimen and for longer inner span, the strain effect was more significant. (3) Different support radiuses mainly effected the contact positions between support and specimen and changed the magnitudes of contact position movement. Thus, large support radius should be avoided to minimize the move trend of contact position for thin sheet four-point bending tests. (4) The lateral force in four-point bending test was much larger for rough contact surface compared with smooth contact surface. For poor contact roughness, the stress attenuation trend slowed down and the whole stress level in pure-bending region was higher. 
